As a possible route to phenylalanine, reaction of aminomalononitrile with benzylic compounds was studied. 2-Benzyl-2-aminomalononitrile (3) was obtained in a good yield when aminomalononitrile ptoluenesulfonate (1) was treated with benzyl bromide (2) in THF using triethylamine as a base. The reaction proceeded in the presence of water. Compound 3 was hydrolyzed to afford phenylalanine. The aminomalononitrile route can explain the presence of not only 1 methylene in aromatic amino acids, but also α-hydrogen in all 20 proteinogenic amino acids.
It is not known why the number of proteinogenic amino acids is limited to 20. After famous Miller's experiment, 1 many studies have been reported to obtain amino acids under prebiotic conditions. [2] [3] [4] Whereas many amino acids were detected in most cases, non-proteinogenic amino acids, such as β-alanine and α-aminoisobutyric acid, have also been generated in these product mixtures. We believe that not only direct formation from gaseous precursors but also stepwise organic reactions may have an important bearing on the formation of limited number of amino acids. Aminomalononitrile is an HCN trimer and is a candidate of precursor of amino acids under prebiotic conditions. Introduction of alkyl groups to aminomalononitrile followed by hydrolysis would produce various amino acids (Scheme 1). In 1975, Thanassi obtained glutamic acid (R = CH 2 CH 2 CN, R′ = CH 2 CH 2 COOH) and threonine (R = R′ = CH(OH)CH 3 ) by alkylation of aminomalononitrile with acrylonitrile and acetaldehyde, respectively, under almost neutral aqueous conditions followed by acid hydrolysis and decarboxylation. 5 Formation of glycine from aminomalononitrile is also reported. 6, 7 We believe that the aminomalononitrile route is a plausible way, because this route can explain some common features of the proteinogenic amino acids. For example, the presence of α-hydrogen atom in all amino acids can be explained by the introduction of hydrogen in the decarboxylation step (Scheme 1). α,α-Disubstituted amino acids, such as α-aminoisobutyric acid, and β-amino acids, such as β-alanine, are not generated from the aminomalononitrile route.
There are 4 aromatic amino acids, phenylalanine (Phe), tyrosine (Tyr), histidine (His), and tryptophan (Typ), among which phenylalanine and tyrosine are key compounds in the biosynthesis of various natural products including phenylpropanoids, lignans, and alkaloids. These aromatic amino acids have not been generated from the classical Miller's experiment 1 ;
however, a minute amount of phenylalanine was detected later. 8, 9 Each of the aromatic amino acids has a methylene group between the aromatic ring and α-carbon. Amino acids having an aromatic ring directly connected to the α-carbon, such as α-aminophenylacetic acid, are not proteinogenic amino acids. This can be explained by substitution of aminomalononitrile with benzylic compounds, namely, substitution at the benzylic position is much easier than that at the aromatic carbon. To evaluate this scenario, before studying the reaction under prebiotic conditions, it is necessary to synthesize phenylalanine from aminomalononitrile and some benzylic compounds from a perspective of organic chemistry. In this report, we describe a synthesis of phenylalanine from aminomalononitrile and some benzylic compounds, as a model study.
At first, we studied the reaction of aminomalononitrile with benzyl bromide, a model compound of benzyl cation, in tetrahydrofuran (THF) at room temperature using triethylamine as a base. Commercial aminomalononitrile ptoluenesulfonate (1) was used as the substrate. The results are shown in Table 1 . When the reaction was carried out with 2.5 eq. of Et 3 N (1 eq. of Et 3 N acted as a scavenger of ptoluenesulfonic acid) and 1 eq. of benzyl bromide (2), the expected product 3 10 was afforded but its yield was only 6% (entry 1). The product was obtained in better yield using larger amounts of base and benzyl bromide (entries 2 and 3). Oxygen-free conditions were necessary, as only a complex mixture was afforded when the reaction was conducted under air (entry 4). The longer reaction time was effective (entries 5 and 6) but many other spots were detected on TLC after 18 hours reaction time (entry 7). All these reactions were carried out using 0.5 to 1.0 mmol of 1; however, a better result was obtained in a gram scale experiment (entry 8). Product 3 was converted to stable ptoluenesulfonate 4. 10 Triethylamine is a weak base for the deprotonation of aminomalononitrile (pKa = 10.6). 11 Then, some other bases were examined and the results are listed in Table 2 . Compound 3 was obtained in about 20% yield using 1,8-diazabicyclo[5.4.0] undec-7-ene (DBU) (entry 1) or potassium hexamethyldisilazide (KHMDS) (entry 2). Pyrrolidine (entry 3) and diisopropylamine (entry 4) were tested but 3 was obtained in only low yields. Thus, we eventually chose triethylamine as the base.
Organic solvents are not present in nature. Thus, the reaction was next examined in water. Aminomalononitrile is not stable enough in water under atmospheric condition as was observed by us and as described by Moser et al. 12 Because it is likely that molecular oxygen was absent (or very rare) on primitive earth, the reactions were carried out under oxygen-free conditions. The results are shown in Table 3 . The reaction was initially studied in THF/H 2 O (4:1) at room temperature. The expected product 3 was obtained in 17% yield, suggesting that the reaction can proceed in the presence of water (entry 1). The reaction was also examined in 100% water. Although the yields were low, it was found that 3 was generated without organic solvent (entries 2 and 3). When the reaction temperature was raised to 100°C, a complex mixture was afforded Scheme 1. Formation of amino acids by alkylation of aminomalononitrile. (entry 4). Compound 1 was also treated under acidic conditions, but no reaction occurred (entry 5).
It is not likely that benzyl bromide was present in nature. Then, the reaction was studied using benzyl mesylate (5) , which is a model compound for sulfate or other esters. The results are listed in Table 4 . The reaction did not occur when triethylamine was used as a base in refluxing THF (entry 1), indicating that the mesylate was less reactive than the bromide. No satisfactory result was obtained in water (entry 2). DBU was used as the base but no reaction proceeded (entry 3). Compound 3 was obtained in 48% yield when KHMDS was used in refluxing THF (entry 4), although longer reaction time reduced the yield (entry 5).
Benzylic compounds having water-soluble functionality as the leaving group was also employed in water. Benzylamine (6), its hydrochloride (7), benzyltrimethylammonium chloride (8), and benzyl sulfate (9) were used as benzylation agents. However, none of these compounds afforded the expected compound 3 (Scheme 2). Thanassi's reaction conditions using buffer (in H 2 O, pH 6.9) 5 were also applied for 7 but the reaction did not occur. Probably, the reactions are too slow to be detected in a laboratory time scale.
In addition to the benzylation, allylation of aminomalononitrile was also examined. When 1 was treated with allyl bromide in THF in the presence of trimethylamine, 10 was afforded in 82% yield (Scheme 3). We think that 10 is a plausible precursor of proline, namely, intramolecular addition of amino group to the alkene moiety followed by decarboxylative hydrolysis (or vice versa) would give proline, although the addition reaction is in anti-Markovnikov manner. Transformation of 10 to proline is now under investigation.
Finally, with compound 3 in hand, its decarboxylative hydrolysis to phenylalanine was studied under acidic aqueous conditions. When 3 was treated with 6 M HCl aq. at refluxing temperature for 2 hours, phenylalanine was obtained in 44% yield (Scheme 4), while 3 was stable in dilute HCl (2 M HCl aq. at room temperature for several days under oxygen-free atmosphere). Phenylalanine was obtained in better yield (68%) when the HCl salt of 3 was isolated prior to the reaction.
In conclusion, phenylalanine was obtained from aminomalononitrile and either benzyl bromide or benzyl mesylate. The reaction proceeded in the presence of water. However, the present reaction conditions are far from a plausibly prebiotic environment, because benzyl bromide and organic solvents are artificial chemicals. More studies are necessary to establish the reaction conditions, namely, the nucleophilic substitution of a benzylic compound with aminomalononitrile or related precursors. There are some other routes to obtain phenylalanine. For example, Friedmann and Miller obtained phenylalanine from phenylacetylene via a Strecker reaction of phenylacetaldehyde. 13 Although we believe that the aminomalononitrile route is likely, it is very difficult to discuss what occurred actually in the early earth, ie, direct formation of amino acids from gaseous precursors, the Strecker reaction, alkylation of aminomalononitrile (this work), or others. For tyrosine, phydroxylation of phenylalanine, as in the biosynthesis of the present life, is also a possible route. Identification of actual 
Allylation
By the same procedure as above, a solution of aminomalononitrile (1443.4 mg, 5.71 mmol) in THF (17 mL) was treated with ally bromide (3.0 mL, 35 mmol) and triethylamine (7.5 mL, 54 mmol) to yield 10 (565.0 mg, 82%) after CC.
Compound 
Hydrolysis
Compound 3 (132.4 mg; 0.774 mmol) was dissolved in 6 M HCl aq. (8 mL), and the solution was heated to reflux for 2 hours under Ar. After cooling to room temperature, the mixture was extracted with chloroform, and the aqueous layer was concentrated. The resultant solid material was purified by ion-exchange resin column with water as an eluent to yield phenylalanine (55.9 mg, 44%). Its 1 H and 13 C NMR spectra were identical to those of an authentic sample of phenylalanine (in D 2 O).
